Abstract. We describe cDNA clones for a cell surface proteoglycan that bears both heparan sulfate and chondroitin sulfate and that links the cytoskeleton to the interstitial matrix. The eDNA encodes a unique core protein of 32,868 D that contains several structural features consistent with its role as a glycosaminoglycan-containing matrix anchor. The sequence shows discrete cytoplasmic, transmembrane, and NH2-terminal extracellular domains, indicating that the molecule is a type I integral membrane protein. The cytoplasmic domain is small and similar in size but not in sequence to that of the/~-chain of various integrins. The extracellular domain contains a single dibasic sequence adjacent to the extracellular face of the transmembrane domain, potentially serving as the proteasesusceptible site involved in release of this domain from the cell surface. The extracellular domain contains two distinct types of putative glycosaminoglycan attachment sites; one type shows sequence characteristics of the sites previously described for chondroitin sulfate attachment (Bourdon, M. A., T. Krusius, S. Campbell, N. B. Schwartz, and E. Ruoslahti. 1987. Proc. Natl. Acad. Sci. USA. 84:3194-3198), but the other type has newly identified sequence characteristics that potentially correspond to heparan sulfate attachment sites. The single N-linked sugar recognition sequence is within the putative chondroitin sulfate attachment sequence, suggesting asparagine glycosylation as a mechanism for regulating chondroitin sulfate chain addition. Both 5' and 3' regions of this eDNA have sequences substantially identical to analogous regions of the human insulin receptor eDNA: a 99-bp region spanning the 5' untranslated and initial coding sequences is 67 % identical and a 35-bp region in the 3' untranslated region is 81% identical in sequence. mRNA expression is tissue specific; various epithelial tissues show the same two sizes of mRNA (2.6 and 3.4 kb); in the same relative abundance (3:1), the cerebrum shows a single 4.5-kb mRNA. This core protein eDNA describes a new class of molecule, an integral membrane proteoglycan, that we propose to name syndecan (from the Greek syndein, to bind together).
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T HE cellular behavior responsible for the development, repair, and maintenance of tissues is regulated, in large part, by interactions between the cells and their extracellular matrix. These interactions are mediated by cell surface molecules acting as receptors that bind the large insoluble matrix molecules and induce responses that result in changes of cellular phenotype. Several proteins associated with the cell surface can bind matrix components (Buck and Horwitz, 1987) . These proteins differ in their specificity and affinity and in their mode of association with the cell surface. Some bind cells to single matrix ligands while others, such as some members of the integrin super family (Hynes, 1987; Ruoslahti and Pierschbacher, 1987) , appear to have multiple matrix ligands. Of the various matrix-binding proteins at the cell surface, only the integrins are known to be integral membrane proteins. Indeed, the integrin fibronectin receptor codistributes both with extracellular fibronectin and with intracellular cytoskeletal components (Chen et al., 1985; Damsky et al., 1985) , apparently via an association of the receptors cytoplasmic domain with the cytoskeletal protein talin .
We have been studying a lipophilic proteoglycan containing both heparan sulfate and chondroitin sulfate that is found at the surface of mouse mammary epithelial cells and that behaves as a high affinity receptor specific for multiple components of the interstitial matrix. The proteoglycan binds the epithelial cells via its heparan sulfate chains to collagen types I, III, and V , fibronectin (Saunders and Bernfield, 1988) , and thrombospondin (Sun, X. et al., 1989) . When its extracellular domain (ectodomain) is cross-linked at the cell surface, it associates intracellularly with the actin cytoskeleton (Rapraeger et al., 1986) , and the isolated proteoglycan binds directly or indirectly to F-actin (Rapraeger and Bernfield, 1982) . Cultured epithelial cells shed the ectodomain from their apical surfaces as a nonlipophilic proteoglycan that contains all of the glycosaminoglycan of the intact molecule and polarize the proteoglycan exclusively to their basolateral surfaces (Rapraeger et al., 1986) , a location consistent with its matrix receptor function. Upon suspension of these cells, the ectodomain is cleaved from the cell surface; the proteoglycan is not replaced while the cells are suspended . The proteoglycan is mainly on epithelia in mature tissues (Hayashi et al., 1987) , and we have proposed that it is a matrix anchor that stabilizes the morphology of epithelial sheets by linking the cytoskeleton to the extracellular matrix . The cell surface proteoglycan undergoes substantial regulation; its size, glycosaminoglycan composition, and location at the cell surface vary between epithelial types, and its expression changes during development. The proteoglycan is located exclusively at the basolateral cell surface of simple epithelia but surrounds stratified epithelial cells (Hayashi et al., 1987) . At basolateral cell surfaces, it appears to contain two heparan sulfate and two chondroitin sulfate chains, but where it surrounds cells, it contains only a single heparan sulfate chain and a single small chondroitin sulfate chain (Sanderson and Bernfield, 1988) . In self-renewing epithelial cell populations, such as the epidermis or vagina, the proteoglycan is lost when the cells terminally differentiate (Hayashi et al., 1988) . In embryos, the proteoglycan is transiently lost when epithelia change their shape and is transiently expressed by mesenchymal cells undergoing morphogenetic tissue interactions (Thesleff et al., 1988 ; Trautman, M. S., J. Kimelman, and M, Bernfield, manuscript submitted for publication).
Heparan sulfate proteoglycans are ubiquitous on the surfaces of adherent cells and bind various ligands including extracellular matrix, growth factors, proteinase inhibitors, and lipoprotein lipase (Fransson, 1987) . However, no structure is known for the core protein of any such cell surface proteoglycan. Therefore, using a library from mouse mammary epithelial cells, we have molecularly cloned and sequenced full-length cDNAs for the cell surface proteoglycan matrix receptor and have assessed the expression of its mRNA in various tissues. The 311-amino acid core protein has a unique sequence that contains several structural features consistent with its role as a matrix anchor and as an acceptor of two distinct types of glycosaminoglycan chains. The expression of its mRNA is tissue type specific and both the 5' and 3' untranslated regions of its cDNA show substantial sequence homology to those of the human insulin receptor cDNA. This core protein cDNA defines a new class of matrix receptor, an integral membrane proteoglycan, for which we propose the name syndecan (from the Greek syndein, to bind together).
Materials and Methods

c D NA Libraries
Normal murine mammary gland (NMuMG) I cells (passages 13-22) were maintained in bicarbonate-buffered DME (Gibco Laboratories, Grand Island, NY) as previously described (David and Bernfield, 1979) . For preparation of poly(A) RNA, cells were plated on 245 x 245-mm tissue culture plates (Nunc, Roskilde, Denmark) at ~20% confluent density and grown to 80-90% confluency (3-4 d). After brief washing with ice-cold PBS, the cells were solubilized in RNA extraction buffer (4 M guanidine isothiocyanate in 5 mM sodium citrate, pH 7.0, 0.1 M B-mercaptoethanol, and 0.5 % N-lauryl sarcosine), and total RNA was prepared by CsCI density centrifugation (Chirgwin et al., 1979) . Poly(A) RNA was purified by chromatography on oligo(dT)-cellulose (type 3; Collaborative Research Inc., Waltham, MA) and used in the commercial synthesis (Stratagene, La Jolla, CA) of eDNA by the S1 method (Huynh et al., 1985) . After the addition of Eco RI linkers, those eDNA >1 kb long were isolated by gel filtration chromatography, inserted into the Eco RI sites of 3` gt-10 and the expression vector 1. Abbreviations used in this paper: NMuMG, normal murine mammary gland; TBST, Tris-buffered saline/Triton. 3, gt-ll, and packaged. A portion of the gt-ll library was amplified for later study, while the remainder was screened immediately without expansion.
A primer extension cDNA library was prepared using the RNase H method (Gubler and Hoffman, 1983) . First-strand eDNA was synthesized from 10/~g liver poly(A) RNA (prepared as described below) using reverse transcriptase (Life Sciences Inc., St. Petersburg, FL) specifically primed with 1 t~g of an 18-bp oligonucleotide containing sequence derived from near the 5' end of PM-4. The second strand was synthesized using RNase H (Bethesda Research Laboratories, Gaithersburg, MD) and DNA polymerase Klenow fragment (Boehringer Mannheim Bioehemicals, Indianapolis, IN). The eDNA was methylated with EcoRI methylase and then ligated with synthetic Eco RI linkers (New England Biolabs, Beverly, MA). Excess linkers were removed by Eco RI digestion and the eDNA was purified on agarose gel electrophoresis and recovered by electroelution. The resulting cDNA was inserted into 3` gt-10 (Promega Biotec, Madison, WI) and packaged using Giga pack Gold (Stratagene).
Isolation of cDNA Clones
The preparation of a rabbit serum antibody to the ectodomain of NMuMG syndecan has been described elsewhere 0alkancn ¢t al., 1988). For screening clones in k gt-ll, the immunoserum was first absorbed against Escherichia coil proteins to reduce background. Briefly, a 500-ml culture of Escherichia coil strain Y1090 was grown to saturation in the presence of 50 #g/ml ampicillin. After centrifugation, the cells were resuspended in 50 ml Tris-buffered saline/Triton (TBST, 10 mM Tris, pH 7, 150 mM NaCI, 0.3% Triton X-100), sonicated, and after addition of 100 ~1 immunoserum (1:500 dilution), incubated overnight at 4°C. This mixture was centrifuged for 10 min at 4,000 rpm and used to screen expressed 3, gt-ll eDNA clones (Young and Davis, 1983) by detection with alkaline phosphatase-conjugated goat anti-rabbit IgG (Promcga Biotec). Four antibody reactive clones were identiffed and plaque purified. Northern and clonal Southern hybridization experiments allowed grouping of these clones into three distinct sets of related clones. Two of these sets produced fusion proteins that reacted with immunoserum affinity purified against the ectodomain of syndecan. A clone from one of these sets, PM-4, was found to contain a sequence that exactly matched the partial amino acid sequence of a cyanogen bromide-cleaved fragment of the ectodomain of syndecan.
Additional screening of both the primer extended liver and NMuMG 3` gt-10 libraries was performed using radiolabeled fragments from the 5' end of PM-4. eDNA fragments isolated from SeaPlaque agarose (FMC BioProducts, Rockland, ME) were labeled with 32p by random oligonucleotide priming (Feinberg and Vogelstein, 1984) and used as described by Maniatis et al. (1982) .
Subcloning and DNA Sequencing
Purified lambda DNA was prepared from positively selected clones by Lambdasorb immunoprecipitation (Promega Biotec). Fragments released by restriction endonuclease digestions were isolated by electrophoresis after excision from SeaPlaque agarose (FMC BioProducts). These isolated fragments were subcloned directly, in the presence of agarose (Struhl, 1985) , to either pGEM 3 and 4 for in vitro transcription, or M13 mpl8 and mpl9 (Messing, 1983) for sequence analysis.
DNA sequencing was performed by the dideoxy chain termination method (Sanger et al., 1977) , using a modified T7 DNA polymerase (Sequenase; United States Biochemical Corp., Cleveland, OH). Sequence was generated from both ends of subcloned restriction fragments using universal MI3 sequencing primers. The internal sequence of large fragments as well as the complementary strands of all fragments were determined using oligonucleotide primers synthesized in accordance with preceding sequences. Sequencing artifacts generated as the result of G-C compression were avoided by determining all sequences using both dGTP and the nucleotide analogue deoxyinosinetriphosphate (dITP).
Northern Blots
RNA for Northern analysis was prepared from the following: NMuMG cells, adult liver, newborn skin, midpregnant mammary gland, adult cerebrum, and skeletal and cardiac muscle. Excised tissues were ground to a fine powder in the presence of liquid nitrogen and transferred directly to RNA extraction buffer (see above); the NMuMG cells were extracted after washing with PBS as described above. The samples were vigorously vortexed, an equal volume of 10 mM Tris, pH 8.0, 1 mM EDTA, and 1% SDS added, and subsequently extracted exhaustively with 24:24:1 Tris-saturated phenol/chloroform/isoamyl alcohol followed by a single extraction with 1 ACT CCGCGGGAGAGGTGCGGGCCAGAGGAGACAGAGCCTAACGCAGAGGAAGGGACCTGG 61 CAG TCGGGAGC TGAC TCCAGC CGGCGAAAeC TACAGCCC TCGC TCGAGAGAGCAGCGAGC 121 TGGGCAGGAGCC TGGGACAGCAAAGC GCAGAGCAATCAGCAGAGCCGGCCCGGAGC TC CG 181 TGCAACCGGC~_~CTCGGATCCACGAAGCCCACCGAGCTCCCGCCGCCGGTCTGGC-CAC-CA M 1 Figure 1 . Sequence of syndecan cDNA clones, corresponding amino acid sequence, and important structural ~atures. The pu~-tive transmembrane sequence is indicated by thick underlining while that sequence corresponding to the experimentally determined peptide sequence is denoted by thin underlining. Glycosylation sites are identified by ci~les; (o) corresponds to potential glycosaminoglycan attachment si~s and (o) to a po~ntial asparagine-linked glycosylation site. Arrows mark the putative site of ectodomain cleavage from the cell sur~ce. The polyadenylation signal sequence AATAAA is boxed.
24:1 chloroform/isoamyl alcohol. After precipitation with an equal volume of 2-propanol, and resuspension in 10 mM "Iris, pH 7.5, 1 mM EDTA, RNA was precipitated by addition of 0.33 vol of 10 M LiCI. Poly(A) RNA was prepared by oligo d(T) chromatography as described above. For Northern analysis, 2/~g of each poly(A) RNA sample was separated by electrophoresis in !.2% agarose-formaldehyde gels in the presence of MOPS (Sigma Chemical Co., St. Louis, MO) acetate buffer, pH 7.0 (Maniatiset al., 1982) . After alkali treatment (Danielsen et al., 1986 ) and neutralization in transfer buffer (0.025 M sodium phosphate, pH 6.5), the gel was blotted to GeneScreen (New England Nuclear, Boston, MA) and the RNA immobilized by UV cross-linking (Church and Gilbert, 1984) . Hybridization probes were prepared by in vitro transcription of the 5' Eco RI-Sac I fragment of PM-4 subcloned into pGEM 3 (Melton et al., 1984) . Blots were prehybridized at 61°C in 50% formamide, 1% SDS, 5X SSPE, 0.1% ficoll, 0.1% polyvinylpyrrolidone, and 100 Atg/ml denatured salmon sperm DNA. Hybridization was for 16 h at 61°C in the same buffer containing 5 x 106 cpm/ml of RNA probe. Filters were washed 2 × 15 min at room temperature in 5% SDS/IX SSPE and 6 x 30 min at 67°C in 1% SDS/0.1X SSPE. Molecular sizes were determined relative to ethidium bromide-stained molecular mass markers (Bethesda Research Laboratories) and 18-S and 28-S ribosomal RNA.
Preparation and Use of Antibodies to
Synthetic Peptides
A 7-amino acid (a4C-iabeled) synthetic peptide, corresponding to the predicted COOH terminus of syndecan ( Fig. 1) , was generously provided by Dr. Russell Doolittle (University of California at San Diego). The NH2-terminal lysine of this peptide was cross-linked by glutaraldehyde to keyhole limpet hemocyanin (Calbiochem-Behring Corp., San Diego, CA) for immunization and BSA (fraction %I, Sigma Chemical Co.) for screening as described by Doolittle (1986) . Briefly, 10 nag carrier protein was dissolved in 0.5 ml of 0.4 M phosphate, pH 7.5, mixed with 7.5/~mol of peptide in 1.5 ml water and 1.0 ml of 20 mM glutaraldehyde (Ted Pella, Inc., Tustin, CA) was added dropwise with stirring over the course of 5 rain. After continuous stirring at room temperature for 30 rain, 0.25 ml of 1 M glycine was added to block unreacted glutaraldehyde and the stirring resumed for an additional 30 rain. The product was dialyzed exhaustively against PBS and incorporation determined by TCA precipitation and liquid scintillation counting. This procedure resulted in the attachment of 17 mol of synthetic peptide/mole of carrier protein.
For immunization, 1.25 mg of synthetic peptide-keyhole limpet hemocyanin conjugate in 0.5 ml PBS, pH 7.5, was mixed with 0.5 ml complete Freund's adjuvant (Gibco Laboratories). The emulsion was delivered by intramuscular injections, (3.1 ml in each of 10 sites, into a 3-too-old New Zealand white rabbit. After 2 wk, the immunization was repeated with an identical quantity of immunogen. I0 d later, the rabbit was injected with Innovar 0.125 ml/kg subcutaneously and was bled from the central auricular artery. Innovar was reversed with Nalline 0.2 ml/kg, and serum was prepared from the collected blood.
The native lipophilic form of syndecan (Sanderson and Bernfield, 1988 ) and the nonlipophilic medium ectodomain form were isolated and purified as described elsewhere and assessed for their reactivity to the immune sera. A cationic nylon membrane, GeneTrans (Plasco Inc., Wohurn, MA), was placed into an immunodot apparatus (V&P Scientific, San Diego, CA) and samples of intact syndecan and the ectodomain (0.5, 5, 50, and 500 ng) were loaded on the membrane using mild vacuum. After loading, remaining binding sites on the membrane were blocked by a 1-hr incubation in a solution containing 0.5 % BSA, 3 % Carnation instant nonfat dry milk, 10 mM "Iris (Sigma Chemical Co.), pH 8.0, 0.15 M NaC1, and 0.3 % Tween-20. Incubation with immune serum was performed at dilutions of 1:200 for the anticytoplasmic domain, and 1:500 for the antiectodomain in 10 mM "Iris, pH 7.4, 0.15 M NaCZ, and 0.3% Tween-20 (TBST) for 30 rain at room temperature. The membrane was washed for 60 rain at room temperature with 10 changes of TBST and then incubated for 30 min with 1:7,500 dilution of alkaline phosphatase goat anti-rabbit IgG (Promega Biotec). After washing for 60 min with 10 changes of TBST, the immobilized alkaline phosphatase was visualized with nitro blue tetrazolium (Promega Biotec) 330 p.g/ml and 5-bromo-4-chloro-3-indolyl phosphate (Promega Biotec) 165 /~g/ml in 100 mM Tris, pH 9.5, 100 mM NaCI, and 5 mM MgCI2.
Results
Isolation of Syndecan cDNA Clones
Proteoglycan purified from normal murine mammary gland (NMuMG) cell-conditioned medium is both immunologically and chemically Weitzhandler et al. 1988 ) indistinguishable from the trypsin-released ectodomain of syndecan. Therefore, we used a serum antibody directed against polypeptide determinants on this proteoglycan ectodomain to identify Figure 2 . Antibodies to a synthetic peptide corresponding to the cytoplasmic domain distinguishes intact syndecan from the ectodomain. Purified intact syndecan (A, C, and E) and the medium ectodomain (B, D, and F) were loaded on Genetrans cationic nylon membrane at dilutions of 0.5, 5, 50, and 500 ng. The membrane was treated with sera and the bound antibody detected with alkaline phosphatase-conjugated anti-rabbit IgG. (A and B) Control serum; (C and D) anticytoplasmic domain serum; and (E and F) antiectodomain serum. The anticytoplasmic domain serum reacts only with the intact syndecan molecule extracted from the cell surface, whereas the antiectodomain serum reacts both with the intact molecule and the nonlipophilic medium ectodomain.
syndecan cDNA clones in a X gt-ll expression library prepared from NMuMG cells. The unamplified portion of the NMuMG X gt-I1 cDNA library was initially screened with whole immune serum previously absorbed against host Y 1090 Escherichia coli. Screening of 7.5 x 1@ recombinants yielded four positive cDNA clones. Hybridization analysis revealed that these four clones represented the cDNA of three distinct gene products, only two of which produced fusion proteins that reacted with immune serum affinity purified against the ectodomain of syndecan. One of these, PM-4, is a 2.1-kb clone that appears to code for the core protein of syndecan.
Proof of the identity of PM-4 was obtained by two independent methods. First, DNA sequence analysis revealed a derived protein sequence that matched the partial amino acid sequence of a cyanogen bromide-cleaved fragment of the ectodomain of syndecan (Weitzhandler, 1988;  Fig. 1 ). Second, syndecan purified from NMuMG cells reacted with an immune serum prepared against a synthetic peptide containing the COOH-terminal seven amino acids (Lys-Gln-Glu-GluPhe-Tyr-Ala) of the PM-4-derived protein sequence. This immune serum failed to react with the ectodomain that lacks the putative cytoplasmic domain (Fig. 2) . Furthermore, this serum does not cross-react with any other cellular proteins as assessed by Western blotting of total cell extracts (data not shown).
Further screening of 1.5 x 106 recombinants from the amplified NMuMG ), gt-ll cDNA library produced no additional positive clones. This might be explained by retarded growth of clones expressing the core protein caused by toxic influences on the growth of E. coli (Huynh et al., 1985) . Indeed, infection with the h gt-ll clone PM-4 consistently yielded low phage titers. PM-4 was, therefore, subcloned into a plasmid vector (pUC-13) to facilitate its characterization.
Two approaches were used to isolate the complete coding region of syndecan. First, to select clones containing an extended 5' end, a X gt-10 cDNA library prepared from NMuMG cells was screened with a 250-bp Eco RI-Hinc II probe from the 5' end of PM-4. This screening yielded two clones, 4-19b and 4-15, which were further characterized (Fig. 3) . Second, a primer extended X gt-10 cDNA library, prepared with liver poly(A) RNA and a synthetic oligonucleotide complementary to a site near the 5' end of PM-4 (positions 848-865 in Fig. 1 ), was screened with the same 250-bp Eco RI-Hinc II probe. Several independent clones were characterized from this library; each contained a 5' sequence identical with that of clone 4-19b (Fig. 3) .
Syndecan cDNA Sequence
The clones were sequenced in M13 by the method of Sanger et al. (1977) , using a strategy summarized in Fig. 3 . The sequence was established by sequencing both strands from a minimum of two of the independently isolated clones shown in Fig. 3 . Because the syndecan cDNA contains a large number of guanosine-and cytosine-rich regions, sequences were obtained with both dGTP and dlTP to avoid potential sequencing artifacts caused by these regions.
The cDNA (Fig. 1) has the following features. The first AUG is at position 240. This putative initiation codon is preceded by two inframe termination codons (TAA and TGA at positions 39 and 72, respectively) and followed by a 930-base open reading frame that ends at position 1,173 with a TGA termination codon. Following the putative coding region are 1,243 bases of 3' untranslated sequence that ends with the poly(A) addition sequence (AATAAA) followed 14 bases later by a poly(A) stretch. Because each of the primer extended clones has the same 5' end as the largest cDNA clone from the NMuMG library, M-4-19b, this sequence likely includes the complete 5' untranslated region of syndecan.
Syndecan Protein Structure
Starting at the indicated AUG (Fig. 1) , the syndecan eDNA codes for a protein of 311 amino acids containing two hydrophobic stretches. This sequence corresponds with a predicted molecular mass of 32,868 D and is unique; no statistically significant similarities were detected when this sequence was compared with either the National Biomedical Research Foundation's Protein Sequence or the translated National Institutes of Health GenBank databases. The derived sequence suggests several domains and structural features; their presumed arrangement is summarized in Fig. 6 .
The first hydrophobic stretch consists of 12 amino acids, including a cysteine, beginning shortly after the presumptive start methionine. Because syndecan is oriented with its NH2 terminus outside of the plasma membrane (Weitzhandler et al., 1988) , this hydrophobic sequence could represent a signal peptide. The NH2 terminus of the mature syndecan core protein is blocked (Weitzhandler et al., 1988) , and, therefore, it has not been possible to determine the NH2 terminus directly. A likely site for signal peptidase cleavage fol-
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Primer Extended lows amino acid residue 17 (Fig. 1) in the predicted sequence. Cleavage at this site would generate an NH2-terminal glutamine that could readily cyclize forming a pyrrolidone carboxylyl residue and thus a blocked NH2 terminus, as exists in a number of eukaryotic proteins (Allen, 1981) .
The second hydrophobic stretch is a sequence near the COOH terminus that has characteristics of a transmembrane domain (Fig. 1, thick underline) . This sequence is a highly hydrophobic stretch of 25 residues followed immediately by a series of highly charged residues, consistent with the stop transfer signals found following most membrane spanning domains (Sabatini et al., 1982) . This domain also contains the only cysteine and one of the four tyrosines in what we presume is the mature protein sequence.
The putative transmembrane domain defines two hydrophilic domains of the syndecan core protein, a putative extracellular domain consisting of "~ 235 amino acids, and a smaller putative cytoplasmic domain consisting of 34 amino acids. This orientation with respect to the plasma membrane is confirmed by the reactivity of immune serum directed either against a peptide containing the COOH-terminal seven amino acids or against the ectodomain of syndecan. The anti-COOH-terminus immune serum recognizes the hydrophobic native form of syndecan (Fig. 2 C) but is unreactive with the nonhydrophobic ectodomain (Fig. 2 D) . In contrast, the anti-ectodomain immune serum recognizes both forms of the molecule (Fig. 2, E and F) .
The putative cytoplasmic domain contains three tyrosine residues, but the sequences adjacent to these tyrosines are not similar to the presently identified consensus sequences for tyrosine phosphorylation (Hunter and Cooper, 1985) . This domain presumably has protein binding activity because the intact proteoglycan, but not the ectodomain, cosediments with F-actin (Rapraeger and Bernfield, 1982) and because syndecan associates with the actin-containing cytoskeleton when cross-linked at the cell surface (Rapraeger et al., 1986) .
The putative extracellular domain has several sequence characteristics that correspond with the known properties of this proteoglycan. The ectodomain of syndecan is shed by cleavage from its membrane anchor , and an indistinguishable molecule is released from the cell surface by mild trypsin treatment Weitzhandler et al., 1988) . The only dibasic sequence (ArgLys) in this extracellular domain is located adjacent to the putative transmembrane domain at residues 250-251 (Fig. 1,   arrows ). This location places the cleavage site adjacent to the plasma membrane. The putative extracellular domain lacks cysteine, thus eliminating disulfide bridges as a means of generating secondary structure in this molecule.
The ectodomain contains both heparan sulfate and chondroitin sulfate chains . The serine hydoxyl group of ser-gly sequences are the attachment sites for these glycosaminoglycan chains (Rod6n, 1980; Dorfman, 1981) . Syndecan possesses five such potential glycosaminoglycan attachment sites, all within the putative extracellular domain; three such serines are clustered near the NH2 terminus at residues 37, 45, and 47, and the remaining two are clustered near the membrane at residues 207 and 217 (Fig. 1, open 
circles).
The ectodomain from NMuMG cells is insensitive to digestion by N-glycosidase F, as assessed by PAGE (Weitzhandler et al., 1988) . The putative extracellular domain contains a single canonical sequence for the attachment of N-linked oligosaccharide (Fig. 1, solid circle) . The serine in this Asn-Xaa-Ser sequence is the putative glycosaminoglycan attachment serine at position 45.
Northern Blot Analysis of Syndecan Expression in Tissues
Poly(A) RNA was prepared from NMuMG cells and a series of tissues (newborn skin, adult liver, midpregnant mammary gland, adult cerebrum, and adult skeletal and cardiac muscle). Immunohistological studies of these tissues showed that the epithelial components of skin, liver, and midpregnant mammary gland react with a monoclonal antibody (281-2) directed against the ectodomain, while cerebrum and striated muscle do not (Hayashi et al., 1987) . Northern blot analysis of these poly(A) RNA preparations reveals two mRNA bands in NMuMG cells (Fig. 4 A) as well as in skin, liver, and mammary gland tissues (Fig. 4 B) ; one band is at 2.6 and the other at 3.4 kb. The apparent lower level of expression found in midpregnant mammary gland, as compared with skin and liver, is consistent with the relative paucity of epithelial cells in the mammary gland. Longer exposures of the Northern blot shown in Fig. 4 , as well as others containing larger quantities of poly(A) RNA, verify that the mam- Figure 4 . Northern blot analysis for syndecan mRNA. NMuMG cells (A) and several tissues (B) were assessed for expression of syndecan mRNA. 2/zg of poly(A) RNA from each source was separated by electrophoresis in 1.4% agarose-formaldehyde gel in MOPS buffer, transferred, and hybridized as described in Materials and Methods. NMuMG cells, and liver, skin, and mammary gland tissue reveal messages at 2.6 and 3.4 kb. Hybridization to cerebral RNA reveals a unique message at 4.5 kb, while cardiac and skeletal muscle shows the absence of syndecan message. A and B represent 4-and 15-h exposures, respectively. mary gland expresses both the 2.6-and the 3.4-kb messages (data not shown). Scanning densitometry shows that these two messages are present at a nearly constant relative abundance of 3:1 (2.6 kb/3.4 kb) in NMuMG cells and in skin, liver, and mammary gland tissues (data not shown). As expected from the immunohistology, neither of these mRNAs was present in detectable amounts in cerebrum and striated muscle tissues (skeletal and cardiac). Interestingly, however, Northern analysis consistently detected a distinct 4.5-kb mRNA in the cerebrum (Fig. 4 B) . The relationship of this message to that of syndecan awaits further investigation.
Discussion
We report here the first characterization of cDNA clones for an integral membrane proteoglycan that represents a class of multi-ligand matrix receptors. This proteoglycan, which we call syndecan (from the Greek, syndein, to bind together), binds cells to collagen types I, III, and V , fibronectin (Saunders and Bernfield, 1988) , and thrombospondin (Sun, X. et al., 1989) .
Size of the Syndecan Core Protein
The derived protein sequence of syndecan is unique. Comparisons with the National Biomedical Research Foundation and the translated NIH-Genebank databases detected no statistically significant similarities. The nascent polypeptide sequence is 311 amino acids and has a molecular mass of 32,868 D. Treatment of syndecan with heparitinase and chondroitinase ABC generates a protein with relative mobility of ~69 kD versus globular molecular mass markers on a gradient SDS-PAGE system (Sanderson et al., 1988) . Treatment of the ectodomain with anhydrous HF for 1.5 h at 0°C (Mort and Lamport, 1977) , yields a protein that migrates as a broad band at *46 kD (Weitzhandler et al., 1988) . These core protein sizes are larger than would be predicted based on the cDNA and any incompletely removed carbohydrate. Syndecan is not a disulfide cross-linked dimer. Its migration on SDS-PAGE is unchanged after DTT treatment; its cyanogen bromide cleavage product produces a single signal during amino acid sequencing; and the single cysteine in the predicted mature protein is located in the transmembrane domain. It also does not appear to be crosslinked by lysyl oxidase-or transglutaminase-mediated reactions because /3-aminopropionitrile (Franzblau and Faris, 1982) and monodansylcadaverine (Bowness, 1987) treatments of NMuMG cells do not change its mobility on SDS-PAGE in preliminary studies (data not shown). Proteins with regions rich in proline, alanine, and highly charged amino acids have highly extended conformations and anomalously slow mobilities in SDS-PAGE (Guest et al., 1985) . These amino acids are abundant in syndecan and a Chou and Fasman secondary structure prediction is consistent with large regions of extended conformation. In vitro translation of synthetic mRNA corresponding to the coding region of syndecan (Sac I-Hind III fragment of clone 4-19b) produces a nascent polypeptide of ~45 kD (data not shown). Therefore, while we have not excluded the possibility of other posttranslational modifications, the bulk of the size difference probably reflects anomalous gel migration on SDS-PAGE.
Syndecan Contains Distinct Functional Domains
Cell biological studies of syndecan have implied three functional domains; an extracellular domain, and by inference, transmembrane and cytoplasmic domains Rapraeger et al., 1986) . The amino acid sequence derived from the syndecan cDNA demonstrates these domains directly.
The transmembrane domain was inferred from the physical properties of syndecan. Syndecan is mobile in the plane of the membrane (Rapraeger et al., 1986) and is lipophilic, demonstrated by vectorial intercalation into liposomes , binding to hydrophobic materials , and extraction with detergents (Rapraeger et al., 1986) . However, lipophilicity does not assure that anchorage to the cell surface is via a transmembrane domain. Many proteins are anchored to the membrane via phosphatidyl inositol. Indeed, such an anchorage has been suggested for a proteoglycan on the surface of rat hepatocytes (Ishihara et al., 1987) . However, the derived COOH-terminal sequence of syndecan contains both a characteristic transmembrane domain and a 34-amino acid putative cytoplasmic domain. These are not present in the proteins linked to the membrane by phosphatidyl inositol (Ferguson and Williams, 1988) .
The cytoplasmic domain was inferred from properties in-dicating that syndecan associates with the actin cytoskeleton. Syndecan co-sediments with F-actin (Rapraeger and Bernfield, 1982) , resists detergent extraction from cells both at low pH and when cross-linked at the cell surface by antibodies, and colocalizes in polarized NMuMG cells with the actin-containing cytoskeleton (Rapraeger et al., 1986 ). An immune serum generated against a synthetic peptide from the COOH-terminus of the derived protein sequence reacts with native syndecan extracted from NMuMG cells but not with the ectodomain (Fig. 2) , providing direct evidence for the cytoplasmic domain. Syndecan and the #,-chain of integrin contain small cytoplasmic domains, 34 and 47 amino acids, respectively (Tamkun et al., 1986; Argraves et al., 1987) , and both are thought to associate with the cytoskeleton after the binding of their extracellular matrix ligands (Chen et al., 1985; Damsky et al., 1985; Rapraeger et al., 1986) . The sequences of these domains show no obvious similarities, and the differences likely reflect distinct functions. It will be interesting to assess whether the cytoplasmic domains of various cell surface proteoglycans show the same extent of conservation as is found among the ~-chains of various integrins (Hynes, 1987) .
The ectodomain is released from NMuMG cell surfaces during cell culture, rapidly in response to cell rounding, or by mild trypsin treatment. The putative extracellular domain of syndecan contains a single dibasic site near the plasma membrane at which cleavage of syndecan from the cell surface undoubtedly occurs. Because the endogenously shed ectodomain of syndecan is indistinguishable from the trypsinreleased form Weitzhandler et al., 1988) , a cell surface trypsinlike protease might be involved. Shedding during cell culture is from the apical surface of NMuMG cells and is markedly reduced when syndecan polarizes to the basolateral surface (Saunders, S., and M. Bernfield, unpublished results). However, when these cells are released from the substratum, destroying their polarity, the ectodomain is rapidly shed. These results suggest that a cell surface protease is involved and identification of the putative cleavage site will now allow more detailed investigation of this activity.
Putative Attachment Sites for Heparan Sulfate and Chondroitin Sulfate
Syndecan isolated from several sources is a hybrid proteoglycan, containing both chondroitin sulfate and heparan sulfate. These chains are linked via a xyloside to serine residues in proteins (Rodtn, 1980; Dorfman, 1981) . Regulating the elaboration of both chondroitin sulfate and heparan sulfate chains on the same core protein is a significant problem because the initial four saccharides are identical. The synthesis of both types of chains is initiated by a xylosyltransferase that resides in either the endoplasmic reticulum or the Golgi region (for review see Farquhar, 1985) and by three Golgilocalized glycosyltransferases (Geetha-Habib et al., 1984) . Specific chain elongation subsequently involves the sequential action of an N-acetylgalactosaminyltransferase and a glucuronosyltransferase for chondroitin sulfate, and an N-acetylglucosaminyltransferase and a glucuronosyltransferase for heparan sulfate. This specific chain elongation must involve recognition of unique structural features of the core protein, indicating that distinct peptide sequences might exist at chondroitin sulfate versus heparan sulfate attachment sites. The presence of both chondroitin sulfate and heparan sulfate on syndecan provides the opportunity to assess the relationship between these attachment sites. Based on the core protein sequence of three chondroitin sulfate proteoglycans (PG-19, PG-40, and invariant chain) and the reactivity of a xylosyltransferase with synthetic peptides, Bourdon et al. (1987) proposed that the xylose acceptor sequence for chondroitin sulfate in these proteoglycans is acidic-acidic-Xaa-Ser-GlyXaa-Gly. Syndecan contains five ser-gly sequences; the two in its single Ser-Gly-Ser-Gly repeat closely match this acceptor sequence (Fig. 5 A) . Interestingly, although this consensus acceptor sequence is located near the NH2 terminus of syndecan and near the COOH terminus of invariant chain, it is distant from the plasma membrane on both proteins.
Syndecan contains three potential ser-gly glycosaminoglycan attachment sites that contain some features of this consensus acceptor sequence as well as unique features (Fig. 5  B) . Though each of these three sequences retains an acidic amino acid two residues NH2 terminal to the acceptor sergly, they lack the consensus glycine that is two residues COOH terminal to the ser-gly. This omission does not preclude this sequence from serving as a xylosyltransferase acceptor because it is also omitted from the gly-ser site of type IX collagen (Huber et al., 1988) . The unique feature of these three sequences is the consistent finding of an acidic amino acid COOH terminal to the ser-gly (Fig. 5 B) . In contrast, the analogous amino acids in the chondroitin sulfate proteoglycans PG-19, PG-40, and invariant chain are either uncharged or hydrophobic. These three sites in syndecan may represent unique recognition sequences for the elongation of heparan sulfate chains.
The number of chondroitin sulfate chains on syndecan apparently differs in cells of distinct cellular organization (Sanderson and Bernfield, 1988) and changes in response to The potential glycosaminoglycan attachment sites of the hybrid proteoglycan syndecan are compared with the known attachment sites of the chondroitin sulfate proteoglycans PG-19, PG-40, and invariant chain. The putative glycosylated serine in each case is indicated in bold. Identical or conserved substitutions of acidic residues have been boxed and the position of these residues in syndecan (see Fig.  1 ) are in parenthesis. (A) The potential glycosylation site between residues 38-54 of syndecan shows the sequence Ser-Gly-Xaa-Gly with acidic residues NH2 terminal to the serine, strikingly similar to the consensus sequence described for attachment of chondroitin sulfate chains (Bourdon et al., 1987) . The asterisk denotes the single potential N-linked glycosylation site. (B) The three remaining potential glycosylation sites of syndecan between residues 30-44, 2130-214, and 210-224 are similar to each other and distinct from the proposed chondroitin sulfate attachment sites. These Ser-Gly are not followed by Xaa-Gly and contain acidic residues both COOH and NH2 terminal to the serine. These sites are proposed to be heparan sulfate attachment sites. TGF-/~ (Rasmussen and Rapraeger, 1988) , implying that each potential glycosaminoglycan attachment site is not always used. A possible novel regulatory mechanism for this variation is suggested by the location in syndecan of its single potential N-linked glycosylation site, Asn-Phe-Ser, at residues 43-45. This site is located within the putative chondroitin sulfate attachment sequence, and the attachment of an N-linked sugar at this site would likely prevent subsequent recognition by the xylosyltransferase.
Structural and Functional Relationship of Syndecan and lntegrins
A cell type can contain both syndecan and integrins, and these receptors can bind the cells to virtually identical matrix ligands (Saunders and Bernfield, 1988) . However, these receptors are both structurally and functionally distinct. Syndecan binds principally via its heparan sulfate chains, and, while the precise ligand binding sites on the integrins are not well defined, they are apparently generated by combinations of specific ct and /3 chains (Hynes, 1987; Ruoslahti and Pierschbacher, 1987) . Whereas many of the matrix-binding integrins bind to an RGD-containing sequence (Pierschbacher and Ruoslahti, 1984) , it is unknown whether syndecan binds to specific protein sequence(s). Structurally, the integrins are heterodimers, and each oligomer is much larger than the single polypeptide of syndecan; however, both syndecan and the integrins are transmembrane proteins containing short cytoplasmic domains that associate with the actin cytoskeleton (Chen et al., 1985; Damsky et al., 1985; Rapraeger et al., 1986) . Syndecan is present primarily on epithelial cells in mature tissues (Hayashi et al., 1987) but is also found on cells of the B-cell lineage (Sanderson, R., E Lalor, and M. Bernfield, unpublished results) and can be expressed in embryonic and undifferentiated mesenchymal cells (Theselff, 1988 ; Trautman, M. S., J. Kimelman, and M. Bernfield, manuscript submitted for publication). Integrins are expressed on these cells but also on a wide variety of hematopoietic precursor, mesenchymal, and neural cells (Buck and Horwitz, 1987) . Cells can contain several integrins with seemingly redundant binding specificities and similar modes of transmembrane action. Why should these cells contain yet another class of matrix receptor with similar binding specificity and mode of action? We favor the hypotheses that (a) like the integrins, syndecan represents a collection of receptors that differ in their interactions because of their diverse number, type, and sequence of glycosaminoglycan chains, but that (b) matrix binding via the integrins and syndecans has a different role in regulating cell behavior.
Interactions of cells with fibronectin indicate that binding via integrin and syndecan receptors can result in distinct cell behaviors. The fibronectin domain containing the sequence RGDS is recognized by an integrin and promotes cell adhesion; synthetic peptides containing this sequence interfere with cell-fibronectin interactions (Pierschbacher and Ruoslahti, 1984) . A heparin-binding domain near the COOH terminus is recognized by syndecan (Saunders and Bernfield, 1988) ; synthetic peptides containing sequences from this site bind heparin directly and promote cell adhesion (McCarthy et al., 1988) . Cell interactions with both the RGD-containing and heparin-binding domains are required for full elaboration of focal contacts and cytoskeletal organization (Izzard et al., 1986; Woods et al., 1986) . However, focal contacts do not form on substrata containing a mixture of the two isolated domains (Izzard et al., 1986) . These results suggest that the integrin and syndecan class of receptors cooperate when bound to the same polypeptide. Because heparan sulfate induces a conformational change in fibronectin (Osterlund et al., 1985) , this cooperation could result from changes induced by syndecan at the RGDS-containing domain. Based on several such studies, we have proposed that syndecan stabilizes cell interactions with fibronectin-containing matrices, whereas the integrins are involved in initial recognition and perhaps cell migration over such matrices (Saunders and Bernfield, 1988) .
The notion that syndecan mediates stable cell interactions with matrix is consistent with its structure. Because there are multiple putative heparan sulfate attachment sites, a single syndecan molecule could have multiple interactions with matrix components via these glycosaminoglycan chains. This model could explain the high affinity of syndecan for fibrillar collagen (Ko = 1 riM) , three orders of magnitude greater than the affinity of integrins (Buck and Horwitz, 1987) . Assuming a similar number of interacting receptors, this affinity translates into exceedingly tight associations that presumably are more physically stable than those mediated by lower affinity receptors. The syndecan structure also provides a unique mechanism to reduce the stability of the linkage: a putative protease-susceptible site adjacent to the transmembrane domain that allows its extracellular domain to be cleaved from the cells thus releasing cells from the matrix.
Syndecan Expression Is Tissue Specific
Of a wide variety of mature tissues examined with antibody 281-2, syndecan is expressed mainly in epithelia (Hayashi et al., 1987) . Northern blot analysis of mRNA revealed two mRNA species at 2.6 and 3.4 kb (constant ratio 3:1, respec- I III II II  III  1 I IIII  I IIIII II I II II  HIR tively) in NMuMG cells as well as skin, liver, and midpregnant mammary gland, all containing immunoreactive syndecan. In contrast, these two mRNAs were undetectable in cardiac and skeletal muscle, tissues of mesenchymal origin that do not stain with 281-2. A 4.5-kb mRNA was detected in adult cerebrum, which does not react in fixed tissue sections with the antibody (Hayashi et al., 1987) .
The cDNA sequence reported here corresponds to the smaller (2.6 kb) and more abundant of the two mRNAs. Though the relationship between the 2.6-and 3.4-kb mRNAs is unknown, they are likely generated by usage of alternative polyadenylation sites. Probes from both 5' and 3' regions of the syndecan cDNA hybridized identically to these two mRNAs in Northern blot analysis (data not shown). Moreover, the primer-extended library contained clones identical to the 5' end of clone 4-19B. The relationship of the 4.5-kb mRNA identifed in cerebrum to the others is unknown because clones have not yet been characterized from cerebral cDNA libraries.
Untranslated Sequences Shared with Insulin Receptor cDNA
Sequence alignments demonstrate a remarkable similarity at the nucleotide level between the mouse syndecan and human insulin receptor cDNA sequences (Ebina et al., 1985) . Alignment of these sequences (University of Wisconsin GCG Bestfit program) places the putative start ATGs near the middle of a region of similarity; a 99-bp region of syndecan that spans its 5' untranslated and initial coding sequences is 67 % identical, with four small gaps, to the analogous region of the human insulin receptor (Fig. 7 A) . The location of this similarity and the large size of the 5' untranslated regions suggest that these sequences are shared translational control elements, as has been described for the 5' untranslated region of the mRNAs for ferritin (Aziz and Munro, 1987; Casey et al., 1988) and the B polypeptide of platelet-derived growth factor (Rather et al., 1987) . Remarkably, there is a second region of similarity between these cDNAs in their 3' untranslated regions; a 35-bp T-rich sequence of syndecan is 80% identical (no gaps) with a sequence of the human insulin receptor (Fig. 7 B) . These identical sequences in both 5' and 3' untranslated regions between the mouse syndecan and human insulin receptor mRNAs suggest that posttranscriptional controls are shared by these two molecules.
The immunohistology, derived structure, and mRNA analyses are consistent with syndecan's proposed function of stabilizing epithelial sheets by anchoring the cells to the matrix. However, heparan sulfate proteoglycans are also known to bind growth factors. Basic fibroblast growth factor binds to heparan sulfate proteoglycans from endothelial cells (Saksela et al., 1988) , an activity duplicated by syndecan. Transforming growth factor-~3 binds to the core protein of a hybrid cell surface proteoglycan found on a variety of cell types (Segarini and Seyedin, 1988) . Because insulin is a known growth factor, the sequence similarity between the syndecan and insulin receptor cDNAs makes a growth factor binding function of syndecan more tenable. Binding of syndecan to interstitial matrix at the basolateral surface of simple epithelia might simultaneously anchor the cells to the matrix and serve as a sequestration point for growth factors at this cell surface. This multi functionality might serve to integrate cellular behavior in response to growth factors and extracellular matrix.
